Abstract: This review covers investigations of spiropyran iodides with N-substituted indoline fragment, and with the pyran cycle being annelated to N-methylated pyridine ring. The schemes of synthesis of iodides and their neutral precursors, as well as results of X-ray analysis and photochemical study of the crystals of the obtained compounds are presented. Based on our and literature data, the relationship between the structure and photochromic properties has been discussed for a series of salts and neutral pyridospiropyrans.
Introduction
Spiropyrans (SP) are an important class of organic photochromic compounds. These compounds have been thoroughly studied for many years [1] [2] [3] [4] . Among others, SPs of the indoline group are of a particular interest as the most available and well studied.
SPs are characterized by a unique ability to photoisomerization. In the spectra of SP solutions that are usually colorless or faintly colored (λmax in the range of 250-400 nm), the absorption band appears in the visible region upon UV irradiation. With the rupture of the C spiro -O bond, the isomer of open, so called merocyanine form (MC) of the spiropyran arises.
The reaction is reversible, and MC form cycles to yield the closed form of SP, this process being slow in the darkness and fast under the visible light.
To understand structural mechanisms of SP transformations and to ascertain the relationship between the structure and photochemical properties, the data of X-ray analysis are important.
Systematic structural investigations of spiropyrans have been discussed in [2] . The obtained results have been analyzed, and structural factors responsible for easy rupture of the C spiro -O bond have been determined, correlation between the length of this bond, its stability and SP photochemical activity has been found, and the role of structural factors in stabilizing the open form has been elucidated.
As follows from X-ray analysis, due to the structure of the molecule (the C spiro -O bond of the pyran heterocycle is in trans-position to the lone electron pair (LEP) of the N atom, and the C spiro -N bond of the indoline heterocycle is in trans-position to π-LEP of the O atom), specific orbital interactions between electronegative heteroatoms and LEP of the N and O atoms arise. The interactions of n-electrons of the N atom with σ*-orbital of the C spiro -O bond should be determinant.
Due to populating the antibonding orbital of the C spiro -O bond, such interaction results in strengthening the C spiro -N bond and weakening the C spiro -O bond, this being apparent in shortening and elongation of these bonds. The C spiro -N bond lengths in the studied spiropyrans are in the range of 1.432(4)-1.453(4) Å, this being much shorter than normal C(sp 3 )-N(sp 3 ) bond lengths in five-membered heterocycles (1.47-1.48 Å). Thus, in photochromic indoline SP the C spiro -O bond that ruptures upon photoexcitation is weakened and elongated in the ground state due to specific orbital interactions. The structural factors that induced the C spiro -O bond elongation and weakening in the ground state, contribute to the facilitation of this bond rupture in the excited state. Therefore, elongation of the C spiro -O bond in the SP ground state can be one of the criteria of these compounds photochemical activity.
Photochromic transformations of spiropyrans due to the C spiro -O bond rupture and the further molecule isomerization need an essential free volume. Therefore, as distinct from solutions, in the solid phase such process is possible only in exceptional cases [5, 6] , when the structure of molecules in the crystal is favorable for such transformations.
In 2000, in [7, 8] spiropyran salts (R-SP) + I − (R = Me) and SP + I − , and oxazine salt SO + I − were described, which are photochromic in crystals and solutions:
Then, other iodides, (R-SP) + I − (R = i-Pr, Ph, nhexyl, C 2 H 4 OH) with the same properties [9, 10] were synthesized. In UV irradiated crystals and solutions of (R-SP) + I − , MC forms, with life time (τ) being tens hours, and the rate of dark bleaching of MC in crystals is lower than in solutions. As distinct from the salts, their neutral precursors are not photochromic in crystals at room temperature, while in UV irradiated solutions they form a short-living MC (τ < 1 min). Obviously, quarternized nitrogen atom of the pyridine fragment stabilizes the MC form of the salt, while its role in the direct photochemical reaction related to the C spiro -O bond rupture becomes clear from the comparison of these bonds lengths in the salt and in the neutral molecule.
Because of dense molecule packing in crystals, transformations related to the molecule volume change are possible only as an exception, this being the case for spiropyran crystalline salts. Only structural data can answer the question, which specific features of the structure provide free volume sufficient for photoisomerization.
The use of spiropyran cations as constructing blocks in polyfunctional photochromic materials is also based on their ability to phototransformations in the solid phase. in a side aliphatic chain. These compounds are ferromagnetics with Curie temperature 5.1 K, and their field dependence of magnetization at 2 K has hysteresis. However, as distinct from photochromic magnetic obtained in [11] , no considerable effect of SP + on rigidity of the magnetic sublattice was observed in these compounds. This can be due to a specific layered structure of these magnetics; however, no valid conclusions can be made in the absence of X-ray data.
It is evident that application area for R-SP + cations as photochromic blocks in polyfunctional materials is not limited by above mentioned ideas [15] . For understanding and predicting the properties of hybrid materials, the study of iodides (R-SP) + I − structure and its relationship with their unique photochemical properties in the solid phase is necessary. N-methylation of neutral compounds yields the corresponding pyridinium iodides (I-III):
Synthesis
Compounds I and II have been described earlier [7, 9] , spiropyran IIIa and salt III has been obtained by the authors [16] .
To find out the effect of R substituent at the nitrogen atom in the indoline fragment on the structure and, hence, photochromic properties, molecular and crystalline structure of synthesized compounds have been studied [16] [17] [18] [19] [20] . In this review we discuss these structures and compare them with similar compounds IV [17] , Va and V [21] . molecule are small. On the contrary, in III and III·H 2 O structures, in spite of a similar geometry of SP + cations, the way of the stacks formation is different, thus leading to even different symmetry of the crystals. The presence of one water molecule in the independent part of the cell in III·H 2 O structure has been proved by thermal gravimetric analysis. General configuration of SP + cation is similar for all the investigated structures ( Fig. 1 ). As follows from thorough analysis of II and II·CH 3 OH molecular structures, they are similar, therefore in the further discussion all the parameters of the molecular structure for II will refer to II·CH 3 OH structure, too. The indoline and pyridopyran fragments in the cations are located orthogonally to each other, and angles between mean-square planes of the (C3C4AC4C5C6C7C3aN1) and (
Structure of iodides
fragments are 84.6(3) in II refer to the structure at T = 300 K, because structures of I, II·CH 3 OH, III and III·H 2 O were also studied at 300 K. The indoline fragment is not planar having bending over the (N1, C3) line, the angle between planes N1, C2'2, C3 and N1, C3a, C4a, C3 is 26.5 (9) ∘ (II), 28.9(3) ∘ (III), 27.6(4)
. The N1 and C3 atoms are located in the plane of the benzene cycle of the indoline fragment. The pyridopyran fragment is almost planar, bending over the (N1 five-membered hetero cycles (1.47-1.48 Å) [22] . Similar redistribution of the bond lengths in the C spiro -unit has been also discovered in I, IV and V [18, 21] . The transition from a neutral form of spiropyran to the salt, i.e., alkylation at N5 ′ , is accompanied by the growth of C4a [20] and III [16] crystallize in space group P2 1 /c. In I structure, there are two molecules in the independent part of the cell, while in II and III there is one molecule, therefore parameter a =12.986(4) Å in I is almost twice less than a =24.107(5) Å in I. Other parameters b, c and angle β in the salts are similar. The increase of the substituent size in the row Me, i-Pr and CH 2 Ph leads to a small increase of parameter b of the elementary cell, as well as to the decrease of the calculated density (1.482, 1.439, 1.414 g/cm 3 ), this being the evidence of the reduction of packing density for cations with bulkier substituents than Me substituent. The structure of II was examined at 200 and 300 K [20] . As follows from the temperature changes of the elementary cell parameters for II single crystals, the crystal shrinks anisotropically with the temperature reduction. Fig. 2 shows temperature dependence of the elementary cell parameters. Parameters b and c do not vary with the temperature reduction, while a decreases. The coefficient of linear contraction along a axis is 0.00016 K −1 .
Anisotropy of changing the elementary cell parameters is consistent with a specific feature of the crystalline structure and suggests that the neighboring blocks in II structure actually have loose packing along a axis. The II and III cations, similar to those in I, IV and V, are packed in such a way that their indoline fragments are stacked along screw axes 2 1 The crystalline structures of I and II, being quite similar, have an essential difference. In structure of I (Fig. 3a) , the neighboring blocks are located along c axis, and they are formed by two independent molecules. These blocks are packed according to the parquet type (Fig. 4a) in such a way that the molecule long axes in the inter-stack space form with each other angle~90 ∘ . In II and II·CH 3 OH structures (Fig. 3b, 5 ) the neighboring blocks are also located along c axis, but they are connected with each other by the inversion center. Long axes of the molecules from the neighboring blocks are parallel to each other (Fig. 4b) ; however the neighboring blocks do not penetrate deeply into each other by their pyridopyran fragments, in spite of the planar structure of these fragments in the cation. Therefore, density of mutual packing of the neighboring blocks in structure II appears to be less than in structure I.
In structure III, the bulky substituent at N1 modifies considerably the cations location in the stacks (Fig. 6) . As distinct from I and II, the planes of the indoline fragments in III are almost parallel to 2 1 axis (the angle between the mean-square plane of the fragment and the axis is 29 ∘ ), accordingly, pyridopyran fragments are perpendicular to 2 1 axis. In contrast to III, hydrate III·H 2 O crystallizes in space group P-1. The cations packing in III·H 2 O looks like that of II (Fig. 7) : the cations are stacked along b axis by the indoline fragments, and the pyridopyran fragments are directed to the inter-stack space, to the iodine atoms, with the location parallel to each other. However, here the stacks are formed by the inversion center, and there is no double axis 2 1 in the structure.
In structures of II, II· CH 3 OH and III·H 2 O, I − anions are located between the pyridopyran (charged) fragments in the inter-stack space (Fig. 3b, 5 
The structure of neutral spiropyran IIIa
Single crystals of IIIa suitable for X-ray analysis were obtained by re-crystallization from hexane and ethanol [16] ; single crystals of IIa could not be obtained [20] . Molecular structure of IIIa (Fig. 8 ) is similar to that of formerly studied Ia, Va [18, 21] . The indoline and benzopyran fragments are essentially orthogonal to each other, and the angle between the mean-square planes of the fragments is 77.84 (5) ∘ . The indoline fragment has bending 27. In IIIa, the benzene ring of the CH 2 Ph substituent is twisted from the indoline fragment plane due to torsion rotations around the N1-C10 (C7A-N1-C10-C11 torsion angle is 82.9(3) ∘ ) and C10-C11 bonds (torsion angle N1-C10-C11-C12 is -123.0(2) ∘ ). The angle between the indoline fragment planes (the plane drawn through the atoms of the indoline fragment except C2 ′ 2) and the phenyl group in R substituent is 67.61(7) ∘ .
Similar to Ia and Va, IIIa crystallizes in monoclinic syngony, space group P2 1 /n. The increase of the molecule size in the row Ia, Va and IIIa leads to the appropriate growth of the elementary cell volume (1568(1), 1727.5(7) and 2042.7(7) Å 3 , respectively).
The structure of IIIa is similar to that of formerly studied Ia: the pyridopyran fragments of the molecules are stacked along screw axes 2 1 , while the indoline fragments are directed towards the inter-stack space. However, the presence of bulky CH 2 -Ph substituent in the indoline fragment affects strongly the molecules orientation with respect to the double axis. The pyridopyran fragments are somewhat shifted with respect to each other along a axis, and 2 1 axis is located between the molecules. (Fig. 9) . Furthermore, while in Ia pyridopyran fragments are perpendicular (~80 ∘ ) to double screw axis forming the stack, in
IIIa the angle between the mean-square fragment plane and the axis is 45.68(3) ∘ .
There are no shortened intermolecular contacts in the structure.
Photochromic properties of neutral and salt forms of pyridospiropyrans in solutions
Photochromic properties of neutral compound IIIa [16] are similar to those of Ia [18] and IIa [20] . In the absorption spectrum of IIIa in ethanol there is a band with λmax 310 nm (Fig. 10) . Under steady irradiation of the solution by UV light (330 nm), the solution coloring is observed, and a short-living open form with the absorption maximum 580 nm and the rate constant of dark cyclization k = 6.16(2)·10 −2 ·s −1 arises.
In Ia, IIa and IIIa row the absorption maximum of the open form shifts a little to a long-wave region of the spectrum, and the values of dark bleaching constants are close, and life time of MC form is ≤ 1 minute. In non-polar solvent (hexane), the open form could not be recorded upon steady irradiation. Such difference in the stability of the open form in polar and non-polar solvents can be also due to the formation of hydrogen bonds of alcohol molecules with the nitrogen atom of the pyridine ring of IIIa.
In contrast to SP neutral forms, their salts have merocyanine form in solutions, with its life time being several hours. Figs. 11 and 12 show the time changes of the absorption spectra of III solutions under the UV (355 nm) irradiation. Ethanol solutions of I, II and III become pink (a wide maximum at 540-580 nm), while chloroform solutions become dark-violet (λmax ≈ 590 nm). Kinetics of dark bleaching (Fig. 13) is described by monoexponential equation for I and III, and biexponential equation A(t) = A 1 exp(-k 1 t) + A 2 exp(-k 2 t) for II in ethanol (Table 1) .
For (iPr-SP) + I − (II), the increase of the solvent dielectric permittivity ε was shown to induce shifting of the absorption maximum of the merocyanine form to the shortwave region, i.e., negative solvatochromic effect is observed (Fig. 2) . Thus, with the increase of the solvent polarity, the absorption band in the visible region shifts to a short-wave region; furthermore, the extinction coefficient reduces and the half-width of the absorption band increases (negative solvatochromic effect), thus suggesting that the excited state is more polar than the ground one, i.e., merocyanine exists as zwitter-ion:
This form stabilizes additionally due to the localization of a part of the negative charge from the oxygen atom into the positively charged pyridine ring. 
Photochromic properties of the crystals of pyridospiropyran salts. Relationship "structure-properties"
Photochemistry of neutral and salt forms of pyridospiropyrans differs essentially in crystals, where sufficient free volume is the necessary condition for photoisomerization. This requirement is not met for neutral SP. Indeed, as follows from our structural investigations, pyridopyran fragments where upon photoexcitation the rupture of the C spiro -O bond occurs, are packed in stacks, and compounds Ia-IIIa are not photochromic at steady irradiation. The molecule packing in the salts, on the contrary, is favorable for photochromic transformations. According to literature and our data, in the irradiated crystals of iodides I-III, similar to solutions, stable merocyanine forms arise, with life time being several hours.
A long life time of the open form allows photochemical transformations of spiropyrans in single crystals to be studied by X-ray analysis [20] . The single crystal of II was irradiated in diffractometer by the light of 355 nm wavelength for 6 hours, and then parameters of the elementary cell were re-refined in the dark over 35 reflections. After the single crystal irradiation and varying its color from yellow to dark-violet, the elementary cell parameters did not change. Apparently, photochemical transformations occur in a quite thin near-surface layer of the single crystal, and they cannot be recorded by X-ray analysis. As the near- surface layer that underwent the transformations is small in relation to the bulk of the crystal, the overall effect is insignificant. By grinding single crystals, the part of the crystal participating in photochemical transformations can be considerably increased. Fine-crystalline powder was irradiated by UV light (355 nm) for six hours, then powder diffraction spectra were recorded as the sample bleached ( Fig. 14) , i.e., transition from the open form to the closed one was investigated. The position of the diffraction peaks of pre-irradiated crystalline powder does not change with the time, and coincides with that calculated theoretically based on the found crystalline structure. However, some re-distribution of the peaks intensities is observed. In the experiment, the cuvette and the powder did not undergo any outside effects; hence, the changes observed for diffraction peaks are due only to photoconversions of the crystalline substance while transferring from the open form to the closed one. Intensities of X-ray reflections depend on occupancy of reflecting planes by the atoms, i.e., the more atoms are in the reflection plane, the more is the reflection intensity, and the more atoms are in the interplane space, the less is the reflection intensity. Thus, redistribution of positions of some atoms groups occurs in the crystal. This re-arrangement is due to dark cyclization of MC form of spiropyran in the crystalline powder.
According to the computations [20] , for the irradiated crystal of 0.1 × 0.25 × 0.1 mm 3 size, the colored part is below 3% (thickness of the colored layer is 6·10 −4 mm), this being impossible to register by single crystal X-ray analysis. In diffraction studies the registered re-distribution of diffraction peaks intensities due to dark bleaching points to con- The spectral data confirm the presence of photochromic transformations in the crystal. In Figs. 15 and 16 , varying the absorption spectra of III and III·H 2 O polycrystals under UV irradiation (355 nm) is presented. The band in the range of 550-650 nm arises, which is typical for the merocyanine form absorption, while the band intensity of the closed form decreases. Similar to solutions, shifting of the absorption maximum of the open form to the longwave region is observed in the row I, II, III (Table 3) . Upon irradiation with the visible light (530 nm) the spectrum reverts to the initial form.
At room temperature under dark conditions the open form slowly reverts to the closed form. Kinetics of dark bleaching of III and III·H 2 O is described by biexponential dependence (Fig. 17) . For III·H 2 O the contribution of the fast reaction is considerably higher than for III, and in the row I -II -III -III·H 2 O the fraction of the "fast" constant increases with the increase of the substituent volume in the indoline fragment (Table 3 ). In I kinetics of bleaching is monoexponential (k 2 = 2.6·10 −6 s −1 ), while II is characterized by biexponential kinetics with a small fraction of the "fast" constant k 1 . For III A 1 /A 2 ratio is 0.54(4), while in III·H 2 O it reaches 1.09 (2) . The data obtained are consistent with the decrease of packing density in this spiropyran row, which we described above.
Conclusions
Both in neutral compounds, and in salts, the molecule geometry is favorable for orbital n(N1) − σ * (C2 ′ 2-O1 ′ ) interactions, which induce the elongation of the C2 ′ 2O1 ′ bond to 1.472(2) Å, as compared to common bond lengths in sixmembered heterocycles (1.41-1.43 Å), and the shortening of the C2 ′ 2N1 bond to 1.449(3) Å as compared to common C(sp 3 )-N(sp 3 ) bond lengths in five-membered heterocycles (1.47-1.48 Å). Furthermore, in the row of I-IV salts the packing mode is the same, i.e., the indoline fragments in the crystal are stacked along screw axes 2 1 , and the pyridopyran fragments, together with I − anions, are located in the inter-stack space with a looser packing. Such structure of the salts provides possibility of photochromic transformations of the cation in crystals. In the structure of neutral spiropyrans, on the contrary, the molecules are packed in stacks by the pyridopyran fragments, while the indoline fragments go out to the inter-stack space.
Positively charged pyridine cycle in the salts is an important factor for photochromic transformations in the crystalline state. Due to electron acceptor effect, the positively charged cycle stabilizes the arising open form, while electrostatic interactions with I − anion yield the structure that provides free volume sufficient for isomerizationo of spiropyran, and higher mobility of the molecule.
